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1 Introduction

Left ventricular hypertrophy (LVH) is a powerful in-
dependent risk factor for cardiac morbidity and mor-
tality [1]. Although LVH itself may be symptomless,
its detection is likely to contribute to the treatment of
the patient. Thus, the detection of LVH is a clinical
priority.
The most widely used methods for detecting LVH
are 12-lead electrocardiography (ECG) and echocar-
diography. The ECG criteria for LVH, however,
have low sensitivity at clinically acceptable levels
of specificity [2]. Echocardiography, on the other
hand, suffers from interobserver and intraobserver
variability [3]. Only a few studies have been pub-
lished on detecting LVH by magnetocardiography
(MCG) [4, 5, 6, 7].
The changes, on which the diagnosis of LVH by ECG
is based, are an increase in duration and amplitude of
the QRS complex due to an increase in LV mass [8],
and abnormalities in ventricular repolarization [9].
Vectorcardiographic QRS- and T-loops, which in nor-
mal hearts tend to be parallel, are typically more di-
vergent in LVH. In ECG this change can be seen as
so-called LV strain pattern, i.e., downsloping convex
ST-segment, which evolves into an asymmetrical in-
verted T-wave, see Fig. 1. [8]
In a normal heart, the main direction of ventricular ac-
tivation is radial. In a hypertrophied heart, the contri-
bution of tangential currents is increased. MCG is pri-

Figure 1: Electrocardiographic LV strain. Notice the
depressed ST-segment and inverted T-wave, i.e., the
polarity of the T-wave is opposite to the main QRS
complex.

marily sensitive to currents tangential to the chest, and
thus MCG could provide information complementary
to ECG for LVH detection. [10]
Another benefit of MCG compared to ECG might be
the attenuation of electromagnetic field. Patients with
LVH are often obese, and the higher signal amplitude
due to LVH may be cancelled by increased attenua-
tion. The magnetic permeability of human tissues is
close to that of a vacuum, and the MCG signals can
be scaled with the distance between the source and the
device. For ECG the scaling would require more ac-
curate information on the thoracic structure and con-
ductivity, as the constants of attenuation of ECG sig-
nals vary significantly with tissue.
In this study, the point of interest was to develop a
method for detecting LVH by multichannel magneto-
cardiography.

2 Methods

2.1 Patients

The patient population of this study consisted of 20
female and 27 male subjects with essential hyper-
tension and/or aortic stenosis. The patients were

(mean standard deviation) years old (females
, males ). Mean left ventricular mass

(LVM) in echocardiography was g ( ,
) and (body surface area) was

( , ). The lim-
its of for echocardiographic LVH were
104 for females and 118 for males. With
these partitions, there were 14 females (70%) and 16
males (59%) with echocardiographic LVH in the pa-
tient population.

2.2 MCG Recordings

All magnetocardiographic measurements were per-
formed in a magnetically shielded room in the
BioMag laboratory at Helsinki University Cen-



tral Hospital, with a 67-channel cardiomagnetome-
ter [11]. The center of the cardiomagnetometer was
placed at 4th intercostal space, 5 cm to the left from
the center of sternum. The 12-lead ECG was mea-
sured simultaneously with the MCG.
The signals recorded in 5 minute measurements were
selectively averaged. The signal averaged data were
interpolated to correspond to the data of 33 axial
channels measuring , where is the com-
ponent of the magnetic field perpendicular to the bot-
tom of the dewar [12]. All the magnetocardiographic
indices for detecting LVH were calculated using the
interpolated data.
The center of the heart was approximated to locate
12 cm below the center of the dewar. The signals on
each channel were scaled to correspond a recording
distance of 12 cm from the center of the heart. Here,
the magnetic field was approximated to attenuate in-
versely to the square of distance.
The onset and offset of QRS complex and offset of
T-wave were defined on each channel. QRS on-
set and offset were determined by Simson’s algo-
rithm [13] and T-wave offset by an algorithm de-
scribed in Ref. [14].

2.3 Indices for Detecting LVH

It was hypothesized that with increasing LVM the am-
plitude and duration of QRS complex increase. In
MCG, the divergent de- and repolarization vectors
were hypothesized to lead to MCG strain, i.e., op-
posite orientations of isointegral maps over the QRS
complex and the T-wave. Also, QRS-T discordance,
i.e., opposite polarities of QRS complex and T-wave,
was hypothesized to increase with higher LVM.

QRS area

The QRS complex area on each channel was calcu-
lated by integrating the absolute value of MCG signal
over the QRS complex. The areas were summed up
over the measurement grid to obtain the QRS area in-
dex.

T-wave integral

The MCG signal was integrated on each channel from
QRS offset to T-wave offset. If there was no discor-
dance of the T-wave, i.e., if the polarities of the main
QRS complex and the T-wave were same, the abso-
lute value of the integral was added to the sum over

Figure 2: The calculation of MCG strain. Left: an
isointegral map over the QRS complex, direction an-
gle of the gradient vector (arrow) is 247 . Middle:
an isointegral map over the T-wave, direction angle
of the gradient vector is 80 . Right: the angle be-
tween the direction vectors of the gradients was used
as the index. The value of the MCG strain index here
is 167 . Step of the isointegral contours is 1.0 pT for
the QRS map and 0.5 pT for the T-wave map.

the measurement grid. In the case of QRS-T discor-
dance the absolute value of the integral was subtracted
from the sum.

QRS-T Combination

The information in the QRS complex and the T-wave
were combined by subtracting the T-wave integral in-
dex from the QRS area index.

MCG Strain

Isointegral maps over both the QRS complex and the
T-wave were calculated for all subjects. The magnetic
field map angle was calculated as the orientation of
the highest spatial gradient of the signal in the mea-
surement plane [15], see Fig. 2. The MCG strain was
defined as the angle between the T-wave gradient vec-
tor and the QRS gradient vector.

Electrocardiographic Indices

In the 12-lead ECG, Sokolow and Lyon’s and Romhilt
and Estes’ indices as well as Cornell voltage and 12-
lead voltage sum were calculated.

3 Results

The values of sensitivity at matched, clinically ac-
ceptable level of specificity (83% for females and
81% for males) are shown in Table 1 for MCG and
ECG indices. For females and males the specifici-
ties correspond to one and two false positive sub-
jects, respectively. The sensitivities and specifici-
ties of Sokolow-Lyon voltage, Cornell voltage and



Table 1: Sensitivities of MCG and ECG indices at
matched specificity. QRS = QRS area, T = T-wave in-
tegral, QRS-T = QRS-T combination, strain = MCG
strain, S-L = Sokolow-Lyon voltage, Cornell = Cor-
nell voltage, R-E = Romhilt-Estes index, VS = 12-lead
voltage sum.

Females
MCG ECG

spec index sens index sens

83 QRS 64 S-L 25
83 T 71 Cornell 58
83 QRS-T 78 R-E 33
83 strain 64 VS 45

Males
MCG ECG

spec index sens index sens

81 QRS 56 S-L 57
81 T 69 Cornell 69
81 QRS-T 81 R-E 79
81 strain 69 VS 77

Table 2: Sensitivities and specificities of the ECG
indices at their conventional cut-off values. S-
L = Sokolow-Lyon voltage (3.5 mV), Cornell = Cor-
nell voltage (females 2.0 mV, males 2.8 mV), R-
E = Romhilt-Estes index (5 points).

Females Males
index spec sens spec sens

S-L 67 42 64 57
Cornell 67 67 72 69

R-E 100 8 100 43

Romhilt-Estes index at their conventional cut-off val-
ues are shown in Table 2.
An example of the performance of the MCG strain
index is shown in Fig. 3. At an optimal cut-off value
of , sensitivity in male subjects was 81% at 72%
specificity. In females the corresponding values were
64% and 83%, respectively.

a)
QRS T

b)
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Figure 3: MCG strain. An example of the isointe-
gral maps over QRS complex and T-wave. a) Male
subject, LVM/BSA 178 g/m , MCG strain index 170 .
b) Male subject, LVM/BSA 91 g/m , MCG strain in-
dex 2 . In isointegral maps contour steps are 1.0 pT
for QRS maps and 0.5 pT for T-wave maps.

4 Discussion

The results of this study indicate that the combined
de- and repolarisation analysis might improve detec-
tion of LVH with MCG. Of the MCG indices stud-
ied, the index combining T-wave integral and QRS
area performed best in the diagnosis of LVH in this
patient population. Contrary to other indices, electro-
cardiographic or magnetocardiographic, it was sensi-
tive both in females and males. The performance of
the MCG strain index was also relatively good both
in males and females.
In general, the performance of the MCG indices was
at least as good as that of ECG indices. In females,
the values of sensitivity at matched specificity were
considerably higher for the MCG indices than for the
ECG indices. In males, the sensitivities were of the
same order for MCG and ECG.
The preliminary findings presented here are promis-
ing. An analysis of the results with receiver operating
characteristic (ROC) curves, which would better clar-
ify the differences in the performance of MCG and
ECG indices, would require a larger patient popula-
tion.
As the magnetic field strength attenuates with dis-



tance, scaling the signals by the distance from the
center of the heart to the cardiomagnetometer could
lead to better performance of MCG in detection of
LVH. The distance could be obtained from chest X-
ray or magnetic resonance images (MRI). Also, more
accurate reference for LVM, compared to echocardio-
gram, could be obtained from MRI.
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